A novel, compact, large field, and spectrally tunable imaging x-ray microscope is presented. It is based on the use of an isotropic point x-ray source and a spherically curved crystal. The x-ray beam intensity is modulated by the object attenuation, then monochromatized and enlarged using a spherical crystal and, finally, imaged using a detector downstream from the crystal. We demonstrate by ray tracing simulations that this system allows microscopy studies with high spatial resolution, high magnification ratios, and large field of view. Microscopes using this model can be easily built using different x-ray sources, like conventional x-ray tube generators, x rays emitted by laser-generated plasmas or x-pinch plasmas, and also synchrotron radiation when used in combination with other condenser optics. Preliminary experiments are presented to demonstrate the feasibility of the proposed setup. High resolution ͑ϳ4 m͒ monochromatic (␦/ϳ10 Ϫ5 -10 Ϫ3 ) images over a large field of view ͑few mm 2 ͒ were recorded in the spectral range 8 -14 Å using a laser-generated plasma source and a spherical mica crystal. Compared to x-ray crystal imagers used in relation with plasma sources, the new configuration produces high quality stigmatic images working at many different Bragg angles, thus improving the spectral tunability and allowing a more flexible design.
I. INTRODUCTION
X-ray microscopy produces high resolution images of objects that are opaque to other probing techniques, like optical or electronic microscopy. The domain of x-ray microscopy has seen an extraordinary development in the last decades because of three main factors: ͑i͒ availability of new sources, ͑ii͒ revolutionary developments in x-ray optics, and ͑iii͒ improvements in charge coupled device ͑CCD͒ cameras and use of new detector techniques. Different x-ray sources are used for x-ray microscopy: ͑i͒ x-ray tubes and other electron or ion impact sources, ͑ii͒ laser generated plasmas or x-pinch plasmas, and ͑iii͒ synchrotron radiation sources. Synchrotron sources are the preferred x-ray sources in terms of brightness, and presently almost every facility has one or several types of x-ray microscopy beamlines. 1 However, they require large installation and in many cases present difficult access. X-ray tubes have the advantage of being accessible in many small laboratories. A variation of the x-ray tube useful for microscopy applications can be obtained from a simple modification of an electron microscope. 2 Another way to create x rays is the use of a laser-produced plasma, generated by the interaction of intense pulsed ͑femtosecond, picosecond, or nanosecond͒ lasers with a solid target, or an x-pinch plasma. In such cases, the pulsed x rays are emitted isotropically from the interaction zone of dimension 5-100 m.
Recent developments in laser technology allow compact powerful lasers designed to produce table-top x-ray sources for customized applications.
X-ray optics have presented an unprecedented development in recent years allowing submicron x-ray microprobes. Reflecting ͑Kirkpatrick-Baez configuration of mirrors or multilayers͒, refracting ͑compound refracting lenses͒, and diffracting ͑Fresnel zone plates, Bragg-Fresnel, and perfect crystals͒ systems are presently in use. Reviews on instrumentation for x-ray microscopy with photon energy below and above 1 keV are available ͑Refs. 3 and 4, respectively͒. Concerning detectors, one can now record in a very short time x-ray images with high resolution and high dynamical range thanks to improvements in CCD technology. Sophisticated three-dimensional tomographic or holographic object reconstruction is also possible. The detection of phase contrast ͑in addition to the standard absorption contrast͒ has opened new directions in x-ray microscopy. The detection of emitted fluorescence, secondary electrons, or energy-sensitive absorption has driven the creation of a new field complementary to conventional x-ray imaging microscopy: spectromicroscopy.
Two main approaches are used for x-ray microscopy: to scan the object ͑sample͒ illuminated by an x-ray microprobe, for obtaining images of the transmitted photons or fluorescence or secondary electrons ͑scanning microscopy͒; and to magnify the x-ray image itself by an optical system ͑imaging microscopy͒. The simplest way to create an imaging micro-scope is to record the projected image of the object when illuminated by a point isotropic source ͑projection microscopy͒. 5 Here, the object is placed between the source and the detector ͑e.g., an x-ray film͒. The magnification is given by the ratio of source-film to source-object distance. The transversal spatial resolution is limited by the size of the source and diffraction effects. Although this idea was realized in the 1930s, only in the 1950s was it successfully applied when x-ray tubes with well-focused electron beams ͑0.1 m͒ were available. 6 In this article we propose an x-ray crystal imaging microscope ͑XCIM͒. On one hand, it can be seen as a variation of the projection microscope, consisting of inserting a spherical crystal between the object and the film. Among the advantages of the XCIM with respect to the projection microscope, which is basically a microscope without optics, we can mention: ͑i͒ the monochromatization of the radiation by the crystal, improving the quality of the image, ͑ii͒ the flexibility of designing an instrument considering the fact that there are more parameters than simply the distances ratio, and ͑iii͒ the resolution depends on the source dimension, but is not limited by it ͑resolution is improved with respect to the projection microscope with the same magnification͒. On the other hand, it can be considered as an improvement of imaging crystal spectrometers in use for plasma diagnostics and applications. The surface of dense laser-produced plasmas is hot enough to produce significant quantities of x rays to be used to characterize the plasma for illuminating other objects to be imaged. In many cases, the objects are cold and dense targets. Large magnified x-ray images have been obtained using spherically curved crystals in normal incidence, 7 or toroidally 8 curved crystals to relax the backscattering condition. The XCIM has many advantages compared with existing configurations. The spherical crystal is simpler to manufacture, easier to align, and can be used in a multitude of distance configurations and Bragg angles as compared to a toroidal crystal. The XCIM produces high resolution quasiundistorted images for any Bragg angle, thus allowing a higher spectral tunability and higher field of view than conventional backscattering schemes.
The proposed microscope uses a point-like isotrope source, thus it is in principle targeted for applications using x-ray sources like x-ray tubes or point plasma x-ray sources. However, it can also be used for synchrotron radiation applications when combined with other condensing optics.
II. DESCRIPTION OF THE MICROSCOPE SETUP
The microscope system can be considered as a modification of the x-ray backlighting system, 7 which has been demonstrated as a successful tool in imaging laser-generated plasmas. In the traditional x-ray backlighting scheme ͓see Fig. 1͑a͔͒ a spherically curved crystal ͑with curvature radius R͒ is placed on the Rowland circle of radius R/2. The x-ray source ͑backlighter͒ is on the Rowland circle and is imaged on another point of the Rowland circle. Placing a detector ͑i.e., an x-ray film or CCD camera͒ downstream from the focal image of the source, it is possible to obtain an enlarged FIG. 1. Comparison between the monochromatic backlighting scheme ͑top͒ and the novel x-ray crystal imaging microscope ͑XCIM͒ ͑bottom͒. The first one works at normal incidence and the positions of the object and image are determined by the lens equation 1/aϩ1/b ϭ2/(R sin ). The second one works for any Bragg angle (Ͻ45 is preferred, see the text͒ and the image plane is obtained at a distance d given by Eq. ͑5͒.
image of the source, with different magnifications depending on the distance from the focal point to the detector. If the backlighter dimensions are small ͑quasi-point source͒ and an object is placed at a distance a upstream from the crystal, then a transmission image ͑radiography͒ of the object will be observed in the detector plane at a distance b downstream from the crystal. The distances a and b are related with R and the Bragg angle by the lens equation
The magnification of this system ͑in both the tangential and sagittal planes͒ is
The magnification can be increased by either approaching the object to the source ͑i.e., pϪa tends to zero͒ or by moving away the detector ͑increasing b͒. It is important to note that the object can be positioned at any place between the source and the crystal, and, more importantly, the position of the detector is also free ͓the magnification is given by Eq. ͑1͔͒. This imaging transmission microscope only works for a limited interval of Bragg angles 9 ͑80°-90°͒, otherwise the aberrations ͑astigmatism͒ strongly deteriorate the image. In addition, the spectral tunability of the system is reduced because it is only possible to work at Bragg angles close to 90°, i.e., wavelengths close to multipliers of 2D, being D the d spacing of the crystal.
One of the most important features of the proposed XCIM system ͓Fig. 1͑b͔͒ is the relaxation of the normal incidence condition. It can also work out of the Rowland configuration. Moreover, the detector cannot be placed at any place downstream from the focal point, as for the traditional backlighting scheme, but must be positioned at a fixed distance d from the tangential focus ͑see below͒. When considering a curved mirror or crystal with a radius of curvature R set to receive x rays from the source ͑placed at distance p from the center of the crystal͒ with a grazing ͑Bragg͒ angle , two focal images at distances q and qЈ from the crystal are formed. They correspond to the tangential and sagittal focii, respectively. The focal position q in the tangential plane is obtained from 1/pϩ1/qϭ2/͑R sin ͒ ͑3͒
and the focal distance qЈ in the sagittal plane is given by 1/pϩ1/qЈϭ2 sin /R. ͑4͒
Formulas ͑3͒ and ͑4͒ are the extension for grazing incidence of ordinary geometric optics principles for mirrors ͑see, for example, Ref. 10͒. In the particular case of normal incidence (ϭ90°) both focii are coincident (qϭqЈ). Another important particular case that satisfies Eq. ͑3͒ is when the source, the crystal, and the tangential focal point lie on a circle of radius R/2, the so-called Rowland circle. The Rowland circle configuration optimizes, at the same time, the energy bandwidth of the diffracted beam and the focalization. In our case, using symmetric Bragg crystals, this condition is satisfied if pϭqϭR sin .
Let us now analyze the behavior of this system as an x-ray microscope: consider a small object in the path of the rays at a distance a upsteam from the pole of the crystal and calculate the position where the ''best'' image is found. We can define the best image as the one with presents the same magnification in both the sagittal and tangential plane. Therefore the image is as ''undistorted'' as possible and presents the same aspect ratio as the imaged object. It can be easily shown that this image is found when the detector is positioned at a distance d downstream from the tangential focus:
Let us denote with ⍀ i the incident divergence. ⍀ r and ⍀ r sag are the reflected divergences in the tangential and sagittal planes, respectively. The focusing condition guarantees that p⍀ i ϭq⍀ r ϭqЈ⍀ r sag . The magnification in the tangential plane at the ''best image'' position can be calculated as
With the help of Eq. ͑3͒ we obtain
If we let a/ p be a varying parameter, and using Eqs. ͑3͒, ͑4͒, and ͑5͒, we can express M as a function of only p, R, and the Bragg angle:
The magnification in the M s in the sagittal plane is
Equations ͑6͒ and ͑9͒ are the general expression for the magnification in the tangential and sagittal directions, respectively. The position of the detector ͓i.e., best image given by Eq. ͑5͔͒ does not depend on the position of the object a. However, contrary to what happens in the traditional backlighting scheme, where the detector can be positioned anywhere, the detector position depends now on the focal distances q and qЈ. Therefore images with different magnifications can be obtained by simply moving the object ͓i.e., changing a in Eq. ͑8͔͒ while keeping fixed the crystal and detector. Particular case: the source is located on the Rowland circle. In the particular case that the source, crystal, and tangential focus are placed on the Rowland circle we have pϭqϭR sin , ͑10͒
therefore the magnifications takes the form
M as a function of a/p only depends on the Bragg angle. For a given Bragg angle, M ranges from cotg 2 to infinity de-pending on the relative distance source-object. On the other hand, if we fix a/p, then M can be made as large as wanted by decreasing the Bragg angle. This equation shows some fundamental aspects of the proposed setup: ͑i͒ one can obtain, in principle, a magnification as high as wanted, ͑ii͒ for increasing magnification one can choose between going to more grazing Bragg angles or approaching the object to the source ͑or a combination of both͒, and ͑iii͒ Bragg angles more ͑less͒ grazing than 45°will lead to a larger ͑smaller͒ magnification M Ͼ1 (M Ͻ1). Obviously, when M is increased ͑by selecting grazing Bragg angles or approaching a to p͒, some experimental limitations arise: for a given crystal size, the accepted divergence ⍀ i is smaller when M is increased; and the field of view ͑or object dimension͒ must be smaller for a given divergence ⍀ i when one approaches a to p. Figure 2 shows a plot of M versus a/p for several Bragg angles. From Fig. 2 , and considering previous experimental works, 11 we have selected the parameters of an initial configuration that will be the ''basic configuration'' for our ray tracing studies. We selected Rϭ15 cm and a Bragg angle of 20°. Source and crystal are mounted in a Rowland circle configuration with pϭqϭ5.13 cm and qϩdϭ43.86 cm. When aϭ3.5 cm, the magnification is about 24. The crystal size is about 15ϫ50 mm 2 . The x-ray source considered here emits isotropic radiation. We will study the effect of the source dimensions ranging from zero ͑point source͒ to several tens of microns ͑a typical laser generated plasma has source size of not less than 20 m͒.
III. RAY TRACING CALCULATIONS
The performance of a system consisting of an x-ray source and a curved crystal is analyzed using ray-tracing simulations. The x-ray source was represented by either a point source or a three-dimensional cylindrical source. In the latter case, the rays are created inside a cylinder ͑of several diameter and length values͒ whose axis is directed along the optical axis ͑the line between the source center and the crystal center͒. It is assumed that the source emits isotropically in all directions. In the simulations, for efficiency reasons, the rays are emitted into a reduced solid angle ͑defined by the semiaperture of the emission cone, usually between 0.1 and 0.01 rad͒ which illuminates a limited area of the crystal up to the dimensions corresponding to the physical size of the available crystals ͑about 15ϫ50 mm 2 ). The crystal is placed at a distance p from the source, and is orientated to the required Bragg angle relative to the incoming beam. The crystal is considered as a ''mirror-like'' system, which means that each ray is reflected at the crystal surface following the laws of specular reflection ͑incident ray, surface's normal and reflected ray must lie on the same plane; and reflected angle equals the incident angle͒. The validity of this approximation has been discussed elsewhere. 12 In a real crystal, the diffraction process takes place in a crystal volume determined by the primary extinction depth. Although this length is small for perfect crystals, it may degrade the spatial resolution of an imaging system like the one considered here. This effect limits the resolution of the microscope and is also studied by ray tracing. For that reason, mosaic crystals where the penetration of the beam inside the crystal is much larger ͑defined by the secondary extinction length͒ are less suitable for this type of microscope. Therefore, the perfection of the crystal is an important parameter to consider when designing a crystal microscope because it determines the best available resolution.
Ray tracing calculations were performed using the SHADOW package. 13 Typical runs use 5000 rays. Several simulations have been performed to study the role of the different system parameters in the quality of the image. The goal was to obtain high magnification rates (M Ͼ10) with spatial resolution of the order of microns, when using x-ray sources with dimensions of several microns and spherically bent crystals with radii in the interval 8 -20 cm. We show how the quality of the image ͑uniformity of magnification and spatial resolution͒ is influenced by experimental parameters like geometrical errors of the crystal figures ͑uniformity of the curvature radius͒, crystal size or entrance pupil, source depth and size, and grazing Bragg angle. The results of this study can then be used to design a suitable XCIM to match the user requirements.
IV. RAY TRACING RESULTS

A. Results for the basic configuration
Several ray tracing experiments have been performed to confirm the validity of formulas ͑5͒-͑11͒. A source that emits ''rays'' randomly distributed in a cone of semiaperture either 0.01 or 0.1 rad has been used. It emits isotropic radiation and has dimensions of either zero ͑point source͒ or 20 m. The crystal parameters are Rϭ15 cm and ϭ20°. The source and crystal are located on the Rowland circle with pϭqϭ5.13 cm. The best image position is found at q ϩdϭ43.86 cm (dϭ38.72 cm). When aϭ3.5 cm, the magnification is M ϭ23.76.
In Fig. 3 we can see the calculated image produced by an absorbing mesh grid of 120 m period and 14 m thickness imaged at the object position and at the detector position. Two images are presented: the mesh grid ͑object͒ plane and the detector ͑image͒ plane. A first run has been done using a beam divergence of 0.01 rad. A 20 m diameter source with a height of 1 mm has been used. The image at the detector plane ͓Fig. 3͑b͔͒ shows some important facts: ͑i͒ the 14 m thick wires are perfectly visible ͑demonstrating high spatial resolution, better than the source size͒, ͑ii͒ the image presents the same aspect ratio in tangential ͑diffraction͒ and sagittal planes, and ͑iii͒ the spatial resolution is better in the tangential plane ͑horizontal direction in the figure͒ than in the sagittal one ͑vertical in the figure͒. The latter effect is explained in the Appendix. We want to emphasize that these results are obtained for a Bragg angle (ϭ20°) far from backscattering, and are confirmed by experimental tests ͑see below͒.
In the traditional backlighting scheme, for a given crystal setup ͑i.e., fixing p, R, and ͒ there is an infinity of pairs of values ͑a,b͒ that gives the same magnification M. It is well known that this scheme works well for imaging applications in normal incidence. In the case of non-normal incidence, there is, however, only one pair of values ͑a,b͒ that produces an image with the same aspect ratio as the object, and this is the one that corresponds to the XCIM case. In other words, the XCIM setup is the same as the traditional backlighting scheme, but the degeneration in the solution for ͑a,b͒ is broken to fulfill the condition of identical aspect ratio for the image and object. A second SHADOW run has been done using a point source of divergence 0.1 rad. In this case, the size of the illuminated object ͑field of view͒ is 3 mm, and the footprint on the crystal ͑tangential direction͒ is 15 mm. The result ͓Fig. 3͑d͔͒ still shows a high resolution image, but with an appreciable distortion in regions far from the center.
B. Change in magnification due to object thickness or object displacement
In a real experiment, the object to be imaged is not a plane but a volume, thus it has a given thickness in the beam direction. In consequence, if we consider the object to be composed by a collection of thin slices in the beam direction, each slice will be positioned in a different object plane ͑i.e., different a value͒ and then each slice will be affected by a different magnification M. This implies an aberrated image due to the fact that parts of the object closer to the source are more magnified than the parts further from the source. An equivalent effect is obtained when displacing a plane object in the direction parallel to the beam.
Let us study how M changes with respect to its mean value as a function of a small change of the parameter a. Calling ⌬a the thickness and/or the error on the object position, we can calculate its effect on magnification and then check it with ray tracing. When and p are kept fixed, the change in magnification due to ⌬a is
If we think in different experimental configurations defined by pairs (R,) which give the same M, then the most critical configurations are those for which (pϪa) is small. For a given R, (⌬M /M ) p, is larger at high Bragg angles because in this case one has to put a/p→1 in order to obtain the wanted magnification M. (⌬M /M ) p, also increases when decreasing R if both and a/ p are fixed. Table I shows the results of both ray tracing and analytical calculations for three pairs ͑R, ͒ which give approximately the same magnification (M ϳ24). A value of ⌬aϭ1 mm has been considered. When both and a/p are fixed, then (⌬M /M ) p, ϰ⌬a/R; when, instead, we increase , we have to make a/p closer to 1 in order to get the same M, and then the relative change in magnification increases. From these results we can conclude that the XCIM is not very sensitive to the object thickness or displacements, thus making it suitable for imaging three-dimensional objects.
C. Change in magnification due to uncertainty on the radius of curvature or Bragg angle
When R and/or change the variations of M have to be calculated after considering the following: ͑i͒ we are no longer in the Rowland circle, so the general expression for M has to be considered; ͑ii͒ such a expression is not the same for the tangential and sagittal directions; ͑iii͒ the image we look at is no longer the best image; our image is located at a distance d from the tangential focus that is given by dϭd 0 ϩ⌬d with d 0 the distance for the unperturbed system given by Eq. ͑5͒, and ⌬dϭϪ⌬qϭq 0 Ϫq, the difference between the distances to the tangential focus for the unperturbed and perturbed systems; and ͑iv͒ the factor 1/(1Ϫa/ p) remains unchanged. Equations ͑6͒ and ͑9͒ give the magnification in the tangential and sagittal directions, respectively. When R and/or change we have
for the sagittal and tangential planes, respectively. For the basic configuration, q 0 , q 0 ЈӶd 0 , then
From Eqs. ͑16͒ and ͑17͒ one obtains the change in M in the sagittal and tangential planes, respectively, related to the change in R:
In a similar way, the change of magnification with respect to variations in the Bragg angle is
Comparisons between calculated values using these formulas with ray tracing results are shown in Table II . These results verify the stability of the XCIM versus small errors in crystal curvature and Bragg angle.
D. Distortion of the image
We have seen that a distortion of the image appears when the accepted source divergence is large. From Fig. 3͑a͒ one can see that the image using a 0.01 rad divergent source is mainly undistorted, whereas for a source ten times more divergent ͓Fig. 3͑b͔͒ the image is slightly distorted, but conserving a good spatial resolution. This means that magnification at the image edges is different than the one at the center of the image. In order to study this effect, we have created a point source with divergence in a grid scale from 0 to 0.1 rad. The source projection at the object plane for the basic configuration is in Fig. 4 ͑top left͒. The magnified image is also in Fig. 4 ͑top right͒. A deformation in the tangen- tial plane ͑horizontal in the graph͒ is clearly seen when the source divergence is increased. Giving a point in the image ͑a given ray͒, we can calculate the ''local'' magnification for that point by calculating the ratio between the distance to the center of the image plane in such an image over the same magnitude in the object plane. That means
where (X i ,Y i ) are the coordinates of the ith ray in the image plane, and (x i ,y i ) are the coordinates in the object plane. The plot of magnification as a function of the polar angle ͑Fig. 4, bottom͒ clearly shows the error in magnification for the different circles corresponding to different source divergences. This error is maximized at the angles Ϯ/2 ͑see Fig.  4 , bottom͒ corresponding to the points more distant from the optical axis in the tangential direction. Clearly, this distortion effect should disappear if the rays reflected by the crystal surface would satisfy the Abbé sine condition. 14 This law must be verified ͑at least approximately͒ by any optical system to form an undistorted image. In grazing incident systems, the magnification for rays coming from a point source that arrive at different positions on the reflecting surface is, in general, different. It can be easily demonstrated that the sine condition cannot be satisfied if only a single reflecting surface is used. One could think that distortion can be reduced by a small rotation of the detector plane around a vertical axis. Some simulations were done to verify this hypothesis without success: in the best case it is sometimes possible to improve an edge of the image but additional distortions appear in the rest of the image. Other simulations were done using an ellipsoidal crystal. The resulting distortions have similar magnitude than those produced by spherical crystals. In conclusion, an ellipsoidal crystal, which eliminates the spherical aberrations in the point-to-point focusing, does not improve the quality of the image because it does not fulfill the Abbé sine condition.
E. Depth of focus
The depth of focus, or more precisely, the allowed detector displacement ͑errors in d͒ without significant change in magnification, is very large for the XCIM. Some calculations demonstrate that one can safely move the position of d by several mm without significant distortion of the image. The relation between the magnification and the distance d is linear ͓Eqs. ͑16͒ and ͑17͔͒. Therefore the relative change in magnification due to a displacement ⌬d of the image is given by
The results of the ray tracing compared with those calculated using these formulas are in Table III . This small sensitivity of the magnification to even large changes in detector position is important for practical applications.
F. Spatial resolution versus source dimension
It is essential to have an idea of the achievable resolution when a real source ͑i.e., an extended source͒ is used. It is possible to evaluate visually the resulting images of the ray tracing ͑e.g., Fig. 3͒ and then assess the spatial resolution. As an example, from Fig. 3 we can say that there is a very good resolution in the tangential plane, a worse resolution in the sagittal one, and in both cases the resolution is better than 14 m, because the grid wires of this dimension are well resolved. Simple geometrical arguments ͑see the Appendix͒ show that the spatial resolution of the XCIM is, in general, better than the projection microscope with the same magnification. Moreover, the XCIM resolution is better in the tangential ͑diffraction͒ plane than in the sagittal one. It is convenient to define a method to obtain quantitative value of the spatial resolution from the image scattered plots. For that, histograms of the ray distribution on the ''best image'' plane are computed in both tangential and sagittal directions. The image of an edge in the object produces some slope in the histogram. From that slope it is possible to determine a value of the spatial resolution. We have fitted the histogram edges to an error function er f (x)ϭa͐ Ϫϱ x e Ϫ͓(xϪx 0 )/͔ 2 in order to determine this value. The value resulting from the fit gives the resolution value rϭ2/M , with M the magnification. This resolution value means that for a grid of feature f and period 2 f , then if f ϭr the grid is completely resolved in the image plane ͑if f ϭ0.5r the grid is not resolved at all; and if f ϭ0.75r the grid is semiresolved͒. An example to illustrate this fact is reported in Fig. 5 . For obtaining good quality histograms ͑acceptable noise with a small bin step͒ 50 000 rays were used in SHADOW runs. In Table IV the results of this procedure for different source size are reported. Calculations were done by adjusting the grid feature in order to obtain a histogram with intensity zero in the obscured part. It is possible to clearly resolve features of less than 10 m in the object using a magnification of M ϭ24 and with a source diameter up to about of 20 m. The source depth can be as large as 1 to 2 mm.
The results reported in Table IV show that similar values of resolution as obtained for Rϭ15 cm can also be obtained for Rϭ8 and 25 cm (ϭ20°in both cases͒. The resolution of the images using a point source is always zero. When the source is not a point, we obtained similar values of the resolution for different R values at ϭ20°. The resolution is worse at a Bragg angle of 40°than of 20°when an extended source is used. This effect is due to the fact that when the Bragg angle is increased the object has to be closer to the source in order to obtain the same magnification. Thus the effect of the size of the source is more significant for less grazing Bragg angles. However, for all considered cases, spatial resolution values smaller than the size of the source are obtained.
G. Effect of the crystal extinction length in the spatial resolution
In a real crystal, the diffraction effect takes place in a finite volume inside the crystal, and not on the crystal surface. This creates aberrations in the wave front after diffraction by the crystal. Therefore a degradation of the in spatial resolution of the XCIM is expected. The beam penetrated into the crystal to a depth that depends on the extinction length, which is given by the dynamical theory of diffraction. When the crystal is perfect, only the primary extinction is responsible for the penetration. Primary extinction length is of the order of a few microns ͑e.g., 18 and 15 m for Si ͑111͒ and ͑220͒ at 8 keV, respectively, and 32, 28, and 38 m for mica ͑004͒, ͑006͒, and ͑008͒, respectively, also at 8 keV͒. The penetration depth is increased when the crystal imperfection are larger. For mosaic crystals ͑ideal imperfect crystals͒ the effect of the secondary extinction increases the penetration length up to few mm. The penetration effect determines the limiting resolution of the XCIM. In order study it we have modified SHADOW to allow rays to travel inside the crystal a given distance ⌳. Let us call ⌳ e the mean penetration length, corresponding to the primary extinction length for perfect crystals. It is measured in the direction of the incident ray. A perfect monochromatic collimated beam will penetrate inside the crystal, loosing intensity as far as diffracted photons will come in. The probability of a photon to be reflected ͑i.e., diffracted͒ after having traveled a length ⌳ inside the crystal is
We calculate the penetration ⌳ for each ray by Monte Carlo sampling the probability distribution given by Eq. ͑25͒. The reflected ray direction is calculated by using the specular reflection laws considering the normal to the crystal at the intercept point. We have performed several runs for the basic configuration with different values of ⌳ e . Results show that ⌳ e less than 100 m does not alter significantly the quality of the image ͓see Fig. 6͑a͔͒ . This result suggested the question of whether it could be possible to obtain submicron resolution using a XCIM. To demonstrate this hypothesis, using the basic configuration with a point source, we have imaged a grid with 2 m period and 1 m wire thickness. The magnified image of such a grid ͓Fig. 6͑b͔͒, is computed using ⌳ e values of 5 and 25 m ͑the order of the primary extinction length for perfect crystals like Si or Ge͒. From these images it is evident that the 1m features of the grid are perfectly resolved. Note that the penetration depth creates an asymmetry in the wire profile: it deforms one edge more than the opposite one.
V. APPLICATIONS
A. Preliminary experimental results
Preliminary test measurements demonstrate experimentally some characteristics of the proposed XCIM mentioned above. The x-ray source was a plasma created by the interaction of 10 ns XeCl excimer laser pulses with energy about 1.5 J with a solid target.
11 By selecting the right target material and choosing the appropriate laser intensity one can vary the spectrum of the emitted x rays. We used a NiϩCr target to obtain radiation in the neighborhood of ϭ12.65 Å. The size of the plasma spot emitting x ray was about 20-40 m. The ͑002͒ reflection of a spherically curved (Rϭ8 cm) mica crystal (2Dϳ19.9 Å) of dimensions 10ϫ30 mm 2 was used. Figure 7 shows a monochromatic image of a double grid obtained with a Bragg angle of ϭ39.4°(ϭ12.65 Å). A very sharp image with high resolution ͑about 3 m͒ for the whole field of view (1.2 ϫ2 mm 2 ) was obtained. Moreover, from the image of a single wire ͑14 m thick͒, it can also be appreciated that the spatial resolution is slightly different for the horizontal ͑tan-gential plane, the size of the imaged wire is 15 m͒ and vertical ͑sagittal plane, with a size of 18 m͒ directions. Results of ray tracing simulations for this configuration gave resolution values ͑obtained from the image histograms, as explained before͒ of 3.6 and 17.5 m for the tangential and sagittal directions, respectively, using a 20 m source. If a 40 m source is used instead, the corresponding calculated values are 6.3 and 40 m.
In order to test the ability to image three-dimensional ͑3D͒ objects ͑i.e., objects with a finite thickness͒ like a plasma, a structured object, or a biological sample, we placed two separated grids ͑with a wire thickness of 10 m and period of 50 m͒ mounted at a distance of 2.5 mm, and rotated 45°with respect to the other. The image ͑Fig. 8͒ obtained with ϳ45°(ϳ14.1 Å) clearly resolves simultaneously both grids with a spatial resolution of about 3 to 4 m at the whole field of view. In order to illustrate this important feature, an image of a mosquito ͑real example of a 3D nonhomogeneous object͒ was obtained under the same experimental conditions, shown in Fig. 9 . We should emphasize that the source size is never smaller than 20 m, thus demonstrating the ability of the XCIM to resolve features with dimensions smaller than the source size, and with a quality of the image better than the projection microscopy with the same magnification, as predicted by ray tracing simulations.
B. X-ray sources for the XCIM
The microscope proposed here has immediate applications when used with a small and divergent x-ray source. These characteristics are presented by x-ray tubes and laser generated plasmas. The important parameter is the source size, which may be too large in conventional x-ray tubes. X-ray tubes with microfocused electrons are commercially available. The x-ray source size ͑electron beam focus in the target͒ can be set down to around 1 m diameter.
Laser generated plasmas and x pinches are good candidates for being used as bright x-ray sources. Laser plasma produce pulsed radiation at wavelengths down to around 1 nm using a commercially available laser, which can be available in small and medium size laboratories. They could also generate much shorter radiation if tera-watt laser pulses are employed. 15 The typical sizes of laser-generated plasmas are of the order of tens of microns. Our test experiments were done with x rays with wavelengths of 12-15 Å produced by laser-generated plasmas.
The excellent properties of the synchrotron radiation allowed building the best performing x-ray microscopes available at present. Therefore it would be desirable to use the XCIM in a synchrotron radiation beamline. However, synchrotron radiation is, by nature, very collimated and with a small cross section, therefore not suitable directly for the proposed microscope. It is necessary to use additional optics to prepare the x-ray beam into a point divergent virtual source for the microscope. Synchrotron radiation condensers for undulator beamlines in low emittance storage rings are thoroughly examined by Niemann. 16 Fresnel zone plates ͑FZP͒ can be used to strongly demagnify the synchrotron source, thus creating a secondary almost point source with a larger divergence, and then place the crystal microscope. The present technology allows manufacturing FZP for extreme uv, soft x rays 17 and even for hard x rays applications. 18 For creating a divergent beam, a FZP with a short focal distance ͑e.g., 10 cm͒, and a larger diameter ͑larger than 200 m͒ is required. These values produce beams with divergencies sufficient to illuminate an object of tens of microns placed several cm downstream from the virtual size. Other ways to prepare a quasi-point divergent source using cylindrical or elliptical Kirkpatrick-Baez systems ͑with mirrors, multilayers, or crystals͒ may also be used. With synchrotron radia- tion, this previous optics allows one, per se, to produce an image of the object without the need of an XCIM. Thus the use of an XCIM is only interesting if other additional benefits are considered, like an improvement of the quality of the image, or further monochromatization of the beam.
C. Techniques and applications
The possible applications of the XCIM are those of the imaging x-ray microscopes: biology, chemistry, metallurgic, etc. An extended description is out of the scope of this article.
The energy range of applicability of the XCIM is that of the sources and crystals available. In addition to the crystal perfection, it is also very important to curve it to the correct spherical shape without important distortions.
The microscope presented here can be used for applications that require x-ray imaging microscopy from energies below 1 keV up to several tens of keV. Synthetic perfect crystals like Ge and Si can be used for energies larger than 3 to 4 keV. Less perfect natural crystals, like mica and quartz, are used successfully down to energies of 0.6 and 1.5 keV, respectively. The optical setup of the XCIM could, in principle, work for soft x rays using mirrors with multilayer coating instead of crystals. The energy range of the water window ͑2.3-4.3 nm͒ may be accessible using adequate multilayers or mirror coating. The larger penetration of the beam inside the mirrors should be considered, and ad hoc ray tracing simulations could be needed.
The XCIM can be tuned to work in different wavelengths by selecting the appropriated Bragg angle and harmonic. By adjusting the XCIM parameters it is possible to use unique crystals for several configurations ͑magnification, wavelength, etc.͒. The XCIM can be used for microspectroscopic studies ͓micro-extended x-ray absorption fine structure ͑EXAFS͒ and x-ray absorption near-edge structure ͑XANES͔͒. If a white or pink x-ray source is available, it is possible to scan in such a way that it produces an energy scan of about 100 eV ͑XANES͒ of 1000 eV ͑EXAFS͒ while the object and detector are unchanged. If the energy scan is selected around the absorption edge of one element present in the sample, then it is possible to discriminate from the object zones of a different chemical environment or electronic structure ͑information provided by XANES͒ or local structure around the absorber element ͑EXAFS and XANES͒. From Eq. ͑7͒ there is a different magnification of the image for different scanning angles. This deformation may be neglected in some cases or could be corrected in the data analysis process.
X-ray imaging microscopes, including the XCIM, can be used for microtomographic reconstruction of threedimensional objects. 19 Here, a series of images must be recorded while the object is rotated. A computer reconstruction will create 3D maps from the individual images.
The XCIM would also allow for phase contrast detection, depending on the coherence quality of the x-ray beam, nature of the object sample, and distances between elements. It has been shown 20 that the diffraction by a crystal in reflection mode with atomic planes parallel to the crystal surface ͑symmetric Bragg reflection, like the one used for the XCIM͒ does not alter the coherence of the beam. Finally, the XCIM can also be used for imaging applications with the purpose to obtain demagnified ͑instead of enlarged͒ images of objects.
In summary, we proposed to use a single spherically curved crystal to produce magnified images of 3D objects using a point-like x-ray source. The main characteristics of this microscope are large field of view, high resolution, spectral tunability, and simple and compact design. The parameters governing such a new schema, as well as the performances and limitations, have been thoroughly analyzed in the text using simple analytical formulas and ray-tracing simulations. Preliminary experiments confirmed the predictions.
